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Cilia and flagella are membrane-sheathed, microtubule-based protrusions that decorate the surface of many
eukaryotic cells. At their base, they form a selective barrier that concentrates certain proteins within the cilia
but excludes others. Kee et al. (2012) now propose that nuclear pore complex proteins form a fundamental
part of this diffusion barrier.Cilia can be motile, like those that move
mucus in tracheal epithelia, or they can
be immotile, even serving as signaling
antennae by concentrating cell signaling
pathways, as in photoreceptor cells
(Ishikawa and Marshall, 2011; Nachury
et al., 2010). Due to the wide variety of
functions associated with cilia and
flagella, defects in their function can lead
to a significant number of human diseases
(so-called ciliopathies) including repro-
ductive problems, kidney defects, blind-
ness, and respiratory problems (Fliegauf
et al., 2007). Surprisingly little is known
about the evolutionary origins of cilia and
flagella, though their presence throughout
the eukaryotic tree implies an ancient
origin.
Although cilia do not have a membrane
physically separating them from the
rest of the cytoplasm, they nevertheless
possess a means of selectively excluding
cytoplasmic proteins that otherwise
would diffuse into the cilium. Just how
this barrier works has been the subject
of intense study. Many kinds of trafficking
systems are associated with cilia,
because protein synthesis does not
occur in them (Ishikawa and Marshall,
2011; Nachury et al., 2010). Remarkably,
a recent paper shows that the base of
cilia may share the same machinery
as nuclear pore complexes (NPCs) to
generate a selective diffusion barrier
(Kee et al., 2012).
Nuclear transport between the nucleo-
plasm and cytoplasm is mediated by the
NPC, a large macromolecular assembly
(50 MDa) embedded within the nuclear
envelope (NE), made up ofmultiple copies
of around 30 proteins termed nucleopor-
ins, or Nups (Figure 1A). Macromolecules
of under40 kDa can freely diffuse in andout of the nucleus through the NPC.
Larger cargoes require soluble factors
known as karyopherins (importins/expor-
tins); each cargo possesses a small signal
sequence, recognized by a cognate kar-
yopherin for its transport, nuclear localiza-
tion signals (NLSs) for nuclear import, or
nuclear export signals (NESs) for export.
Transport directionality is controlled by
the nucleotide states of Ran GTPase
forming a gradient across the NE, with
predominantly RanGTP in the nucleo-
plasm and RanGDP in the cytoplasm
(Figure 1A) (Wente and Rout, 2010).
The Verhey group had previously
provided evidence that karyopherins and
Ran were required for the import of motor
kinesins and other proteins into the
cilium (Dishinger et al., 2010). These are
arranged in a hauntingly similar manner
to the nuclear transport system, with
RanGTP and Ran-binding cofactors
inside the cilia (Figure 1B). A gradient of
RanGTP in the cilia and RanGDP in the
cytoplasm is essential for ciliary import,
just as the Ran gradient across the NE
is required for nuclear transport. More-
over, NLS-like sequences—termed ciliary
localization sequences (CLSs)—are
recognized by one karyopherin, Importin
b2. Several such sequences have now
been characterized (Nachury et al., 2010).
Now, the same laboratory has revealed
that the similarities between the ciliary
and nuclear transport systems go even
deeper by revealing that structural com-
ponents of the NPC are localized at the
base of cilia (Kee et al., 2012). They use
GFP tagging and immunogold electron
microsocopy to show that Nups localize
to both the nuclear envelope and the
base of cilia, in the region termed the
transition zone (Figure 1B). Crucially, FGDevelopmental CelNups are present there. They are so called
because they contain large intrinsically
disordered domains carrying many Phe-
Gly (FG) repeats. The central channel of
the NPC is packed with these FG repeat
regions, forming an effective barrier
to passage of large macromolecules
(Figure 1A). However, by virtue of their
ability to specifically bind FG repeats,
karyopherins (and thus their cognate
cargoes) can overcome this barrier and
thus rapidly transit through the NPC
(Wente and Rout, 2010). Importantly,
members of the core scaffold and linker
classes of Nups are also found in the
ciliary base. In the NPC, these proteins
form the key framework for the correct
placement of the FG Nups throughout
the central channel, and it is tempting to
speculate that they perform a similar role
in the ciliary barrier. Interestingly, Kee
et al. (2012) find that neither the nucleo-
plasmic components of the NPC nor
the membrane proteins that anchor the
NPC to the nuclear envelope are present
at the ciliary base, pointing to nuclear-
specific roles. Perhaps, instead, transition
zone proteins anchor the structural Nups
(and their tethered FG Nups) to the base
of cilia.
Kee et al. (2012) also demonstrate that
a size exclusion barrier similar to that
seen in the NPC applies to cilia. The
authors microinject fluorescently labeled
dextrans or proteins into ciliated cells
and observe that only those 40 kDa or
less freely diffused into cilia. Furthermore,
they demonstrate that the import of
fluorescently labeled ciliary proteins into
cilia is disrupted by reagents known to
block nuclear transport, suggesting that
similar mechanisms are used for ciliary
and nuclear transport. The authors thusl 22, April 17, 2012 ª2012 Elsevier Inc. 693
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Figure 1. Structural and Transport Features of the Nuclear and Ciliary Pore Complexes
Highlights of the similarities between the nuclear pore complex (A) and the ciliary barrier (B) showing the hypothetical route of a cargo protein through each type
of barrier. (Position of each shown in inset diagram of ciliated eukaryotic cell.) FGNups (containing Phenylalanine-Glycine repeats) provide docking sites for trans-
port factors called karyopherins, which bind cargo containing nuclear or ciliary localization signals (NLSs and CLSs, respectively) and facilitate nuclear and ciliary
transport. So-called transition zone proteins in cilia connect the plasmamembrane and the region between the microtubules and the basal body. The ciliary pore
complex is thought to be located in this zone. Figure 1A is adapted from Wente and Rout (2010).
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complex (CPC). Other groups have
provided evidence of additional mecha-
nisms for how the selective barrier in cilia
works. For example, transmembrane
proteins must traverse the transition
zone to get into the cilium (Figure 1B). It
has been proposed that these proteins
have localization signals that allow them
to diffuse laterally on the plasma mem-
brane into the cilium or via vesicular
trafficking (Ishikawa and Marshall, 2011;
Nachury et al., 2010). Also, septins have
been shown to localize to the base of cilia
and restrict the diffusion of ciliary
membrane proteins into and out of cilia
(Hu et al., 2010). Further analyses are
required to determine the relationship
between these systems and the CPC.
Although it is surprising that NPC
components are present in cilia, there
are in fact key structural elements shared
between the two structures. The NPC’s
core scaffold resembles a set of cage-
like structures containing Nups com-
posed entirely of a b-propeller-type
protein fold, an a-solenoid fold, or a694 Developmental Cell 22, April 17, 2012 ª2distinctive arrangement of both. Exam-
ples of this b-propeller/a-solenoid fold
composition are also found in the intrafla-
gellar transport complex within cilia
(Taschner et al., 2012) and in the
BBSome, a protein complex that traffics
membrane proteins to the cilia (Jin et al.,
2010). This fold composition is also
shared by the vesicle-coating complexes
COPI, COPII, and clathrin and by teth-
ering complexes (Field et al., 2011). These
architectural similarities suggest a
common evolutionary origin for NPCs,
coated vesicles, and key ciliary compo-
nents in an early membrane-curving
module that led to the formation of the
internal membrane systems in modern
eukaryotes.
Together, these findings overthrow
the notion that the permeability barrier
formed by the FG Nups is a specific
trait of the NPC and open up exciting
perspectives in the analysis of the
biophysical principles of FG Nup and
karyopherin functionality, the defects
leading to ciliopathies, and the origin of
eukaryotic cells.012 Elsevier Inc.REFERENCES
Dishinger, J.F., Kee, H.L., Jenkins, P.M., Fan, S.,
Hurd, T.W., Hammond, J.W., Truong, Y.N., Margo-
lis, B., Martens, J.R., and Verhey, K.J. (2010). Nat.
Cell Biol. 12, 703–710.
Field, M.C., Sali, A., and Rout, M.P. (2011). J. Cell
Biol. 193, 963–972.
Fliegauf, M., Benzing, T., and Omran, H. (2007).
Nat. Rev. Mol. Cell Biol. 8, 880–893.
Hu, Q., Milenkovic, L., Jin, H., Scott, M.P., Na-
chury, M.V., Spiliotis, E.T., and Nelson, W.J.
(2010). Science 329, 436–439.
Ishikawa, H., and Marshall, W.F. (2011). Nat. Rev.
Mol. Cell Biol. 12, 222–234.
Jin, H., White, S.R., Shida, T., Schulz, S., Aguiar,
M., Gygi, S.P., Bazan, J.F., and Nachury, M.V.
(2010). Cell 141, 1208–1219.
Kee, H.L., Dishinger, J.F., Lynne Blasius, T., Liu,
C.J., Margolis, B., and Verhey, K.J. (2012). Nat.
Cell Biol. Published online March 4, 2012. 10.
1038/ncb2450.
Nachury, M.V., Seeley, E.S., and Jin, H. (2010).
Annu. Rev. Cell Dev. Biol. 26, 59–87.
Taschner, M., Bhogaraju, S., and Lorentzen, E.
(2012). Differentiation 83, S12–S22.
Wente, S.R., and Rout, M.P. (2010). Cold Spring
Harb. Perspect. Biol. 2, a000562.
